The International Crops Research Institute for the semi-Arid Tropics (ICRISAT) Genebank at Patancheru, India holds the world's largest collection of 22,211 pearl millet germplasm accessions from 50 countries including 4,488 landraces from 16 East and Southern African (ESA) countries. Gap analysis using FloraMap software and 3,750 georeferenced pearl millet germplasm accessions from ESA countries revealed 34 districts located in 18 provinces of four East African countries and 76 districts located in 34 provinces of seven Southern African countries, as geographical gaps. Analysis of characterization data using DIVA-GIS software resulted in 11 districts of seven provinces in Sudan and Uganda and 58 districts of 20 provinces of seven countries in Southern Africa as gaps in diversity for important morphoagronomic traits. Amuria district in Soroti province of Uganda; Mpwapwa in Dodoma province of Tanzania; Mahalapye in Centre province and Kgatleng in Kgatleng province of Botswana; Lalomo in Southern province of Zambia; and Motoko, Mudzi, Wedza in the province of Mashonaland; East, Makoni in Manikaland; Gutu and Chivi in Masvingo; Gwanda and Bulalimamangwe in Metabeland south; Hwange and Nkayi in Metabeland north;
Introduction
Pearl millet (Pennisetum glaucum (L.) R. Br.) is the hardiest crop and has the great potential because of its suitability to the extreme limits of agriculture. It is an important food and forage crop in Africa and Asia, and as forage crop in Americas. It is primarily grown for grain (food and feed), but is also valued for fodder (both stover and green fodder). Pearl millet grains have protein ranging from 5.8 to 20.9% (Rai et al., 1997) . Traditionally, pearl millet grains are usually used in the preparation of conventional foods such as unleavened flat breads (chapati), fermented breads (kisra, injera, dosa etc), porridge, dumplings, biscuits, snacks, malt and opaque beer. Pearl millet stover is also used for fencing and roofing (Rachie and Majumdar 1980) . Pearl millet is mainly cultivated in Niger, Nigeria, Burkina Faso, Togo, Ghana, Mali, Senegal, Central African Republic, Cameroon, Sudan, Botswana, Namibia, Zambia, Zimbabwe and South Africa in the African continent and India, Pakistan and Yemen in Asia.
Importance of pearl millet is increasing because it grows well in less fertile, dry land and sandy soils with few inputs, has high water use efficiency and can be grown in more than one season with low production costs (Lane et al., 2007) .
Plant Genetic Resources (PGR) are the heritage of humankind to be preserved and made available freely for current and future utilization in crop improvement for sustainable development and food security. Landraces and wild relatives are the best sources of resistance to biotic and abiotic stresses and contribute towards food security, poverty alleviation, environmental protection and sustainable development. PGR are finite and vulnerable and erosion of PGR severely threatens world food security. Therefore, there is an urgent need to assemble and conserve such valuable material before its erosion due to replacement of landraces/traditional cultivars by modern varieties, natural catastrophes such as droughts, floods, fire hazards, urbanization and industrialization, habitat loss due to irrigation projects, overgrazing, mining and climate change (Upadhyaya and Gowda, 2009) .
The genebank at International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru, India holds the world's largest collection of 22,211 pearl millet germplasm accessions from 50 countries. Considerable pearl millet germplasm (4,645 accessions) has also been assembled from East and Southern African (ESA) countries, mainly from Zimbabwe, Namibia, Sudan, Tanzania, Malawi, South Africa, Zambia, Uganda, Kenya, Botswana and Mozambique. However, in view of the fast erosion of crop diversity, there is a need for critical assessment of existing collections, identifying taxonomic, geographical and trait diversity gaps and launching germplasm collection missions in unexplored and under-explored areas. Several reports indicated geographical and taxanomic gaps and occurrence of pearl millet wild relatives in ESA countries (Appa Appa Rao, 1991; Ramanatha Rao, 1981; Remanandan and Mengesha, 1981) . Therefore, in the present study, the geographical distribution and diversity in existing pearl millet germplasm at ICRISAT genebank from ESA countries was mapped and the geographical and trait diversity gaps were identified for possible exploration before the valuable germplasm material is lost forever. Kenya (18) having latitude and longitude information were used in the present study to identify gaps in collections from these countries. Landraces from Ethiopia (1), Somalia (4) and Zaire (11) having georeference data are less in number and therefore not considered for identifying gaps in these countries. The final set of 3,750 landraces from 11 countries having geographic coordinates was used to identify gaps in the collections.
Materials and Methods
FloraMap, a GIS tool developed at Centro Internacional de Agricultura Tropical (CIAT) (Jones and Gladkov, 1999) was used to predict the probability of pearl millet occurrence.
Basic input in FloraMap software is the geographic coordinates (latitude and longitude) of collection sites with a unique identifier (accessions number). The FloraMap system functions by calculating the probability of species occurrence. With its user-friendly software linked to agroclimatic database, we can create maps showing most likely distribution of any particular species in nature. FloraMap assigns climate data (monthly rainfall, minimum and maximum temperature, diurnal range in temperature) from database provided with the tool to each of collection sites. Principal component analysis is used to reduce the dimensionality of this 36 dimensional dataset (set of 12 for each month of the three variables) for each collection site and select first few components, which contribute maximum variation in the climatic characteristics. Also these few components are uncorrelated or orthogonal. Weights can be allocated to each of the three variables depending on climate of country/region. A probability density function is calculated on these few uncorrelated variables to find out the probability of finding a similar location for the population. While working on the passport dataset, depending on the country, weights ranging from 0.70 to 1.5 for rainfall, from 0.75 to 1.50 for temperature and 0.75 to 1.05 for diurnal temperature were allocated and an exponential transformation with a power of 0.3 was applied to the monthly rainfall data. More than 95% of total variation was explained by first five principal components (PCs). To achieve higher precision in predicting the probability of pearl millet occurrence, FloraMap was run for each country separately. While estimating the probability of pearl millet occurrence, multiple accessions with same coordinates were treated as single collection site. Collection sites or sampled sites were overlaid on the probability map of each country. Provinces/states (name 1) and districts/administrative units (name 2) and sub-districts (name 3) with high probability (>75%) and with no collection and/or few collection sites were recorded as gaps. All districts and sub-districts identified (shaded area) as gaps along with the collection sites of already collected landraces are shown in Figure 1 and Table 2 and 3.
Using the characterization data of pearl millet germplasm from ESA countries and the DIVA-GIS, a GIS software, gaps in diversity for days to 50% flowering, plant height, number of total and productive tillers, panicle length and width, 1000-seed weight, seed color and green fodder yield potential were identified (Hijmans et al., 2005; IBPGR and ICRISAT, 1993) . Accessions were evaluated in batches of 500-1000 during 1977 -2010 The basic input in DIVA-GIS software is the geographic coordinates (latitude and longitude) of the collecting site with a unique identifier (accession number). DIVA-GIS was run for each trait separately to assess the geographical distribution of diversity in ESA.
Diversity grids were mapped using the Shannon-Weaver method (Shannon and Weaver, 1949) . Collection sites were overlaid on diversity grids in ESA countries. Districts and subdistricts with high diversity cells/grids with relatively less collection sites were identified as gaps in diversity for each trait and showed in Figure 2 . Due to large number of collection sites, the diversity maps for important traits do not depict the collection sites avoiding the possible clutter. Country wise gaps (districts and sub-districts) in diversity for different traits were summarized in Table 4 . USGS land cover map for Africa was used to know the type of vegetation and land cover in the districts identified and excluded lakes, forests and other areas where crop cultivation is not known (USGS EROS Center, 2005) .
Results

Germplasm assembly
Analysis of passport data of world collection of pearl millet germplasm revealed that a total of 4,645 accessions were assembled from 16 East and Southern African countries (ESA)
including Zimbabwe (1,397), Namibia (1,128), Sudan (614) (11), Somalia (4) and Ethiopia (2). All accessions from Congo were breeding materials and those from Lesotho were wild relatives of pearl millet.
Wild relatives
A total of 109 accessions belonging to 16 species of genus Pennisetum were assembled from ESA countries including 34 introductions and 75 collections from 13 countries. The wild species assembled from ESA countries include P. polystachion (39), P. violaceum (18), P. purpureum (12), P. ciliare (8), P. setaceum (7), P. mollissimum (6), P. cenchroides (4), P. schweinfurthii (3), P. thunburgii (3), P. mezianum (2), P. ramosum (2), P. lanatum (1), P. orientale (1), P. pedicellatum (1), P. squamulatum (1) and P. villosum (1). A maximum of seven species were assembled from Tanzania followed by six species from Zimbabwe, four species each from Namibia and Sudan and two species each from Lesotho and South Africa.
Seven countries represented with one species each. Maximum wild accessions are from Sudan (27) followed by Tanzania (25) . All other countries were found as sources for less than 15 accessions. Darfur province (22 accessions) in Sudan; Mashonaland central (7) in Zimbabwe; Tabora (7), Morogora (6), Shinyanga (6) in Tanzania were found as important source provinces for wild relatives germplasm. Out of a total of 88 accessions of P. palystachion, a source of immunity against downy mildew, assembled at the ICRISAT genebank, 39 are from ESA countries and Malawi (12) and Tanzania (13) are the major sources. Sudan with 16 accessions of P. violaceum, the progenitor of pearl millet and a source for new cytoplasm, was found as important source country for this species.
Intensity of collection
Since multiple accessions having same coordinates are considered as single collection site, the number of actual geographical sites within an area of 18 x 18 km² in the present study is lesser than the number of sampled sites. Accessions having geo-reference data represents a total of 824 geographical sites of germplasm collection in Kenya (10) 
Geographical gaps
High probability (>75%) area with less and/or no collection (districts and subdistricts) identified in the present study showed 34 districts and 40 sub-districts located in 18 provinces of four East African countries as major geographical gaps ( Fig. 1 Copper belt in Zambia are the provinces found unexplored in the past for pearl millet germplasm ( Fig. 1 and Table 3 ).
Gaps in diversity
Eleven districts and six sub-districts located in seven provinces of Sudan (4) and Uganda (3) were found as gaps in diversity for almost all traits under study. On the other hand, 58 districts located in 20 provinces of seven Southern African countries were identified as gaps in diversity for one or the other trait ( Fig. 2 and Table 4 ). A maximum of 19 provinces represented for gaps in diversity for days to 50% flowering followed by 11 provinces each for total tillers and seed weight, eight provinces each for plant height and panicle width, five provinces each for panicle length and productive tillers and two provinces each for seed color and green fodder yield potential (Fig. 2 
Discussion
In view of climate change resulting in loss of biodiversity, there is a need to analyze the existing collections, identify gaps in the collections and collect as much variability as possible before it is eroded forever. Geographic Information Systems (GIS) have facilitated a better understanding of species distribution and the representations of collections and gaps in the collections. Success of gap analysis depends on the quality of input data. In many genebanks, most of the older germplasm collections do not have complete passport information, particularly, the georeference data (latitude and longitude) of the colleting sites posing a problem in assessing the geographical completeness of collections (Upadhyaya et al., 2010) .
The geographical gaps identified using predicted probability layers developed with the help of FloraMap, and the gaps identified in diversity using DIVA-GIS will provide valuable information (Marilia et al., 2003; Upadhyaya et al., 2010) . ESA being the secondary centre of diversity for pearl millet, the gaps (districts/subdistricts) identified can be considered as the potential areas for exploration (Harlan et al., 1975) . Some of the districts/subdistricts identified in this study were explored partly in the past also, but require further exploration.
Based on studies using pearl millet germplasm conserved at ICRISAT genebank, Rai et al., (1997) reported that the landraces from Kenya and Uganda for high productive tillers;
from Botswana for early maturity and those from Namibia, South Africa, Tanzania, Zimbabwe for long and thick panicles, as promising sources suggesting the exploration of gaps identified in these countries to increase the variability for these traits. Halale, a named landrace collected around Lupane village (240 km Northwest of Bulawayo) in Zimbabwe was the source material in developing a pearl millet variety Okoa (TSPM 91018) released for general cultivation in Tanzania in 1994 (Obilana et al., 1997 . So, the areas around Lupane village may also be considered for collecting germplasm. Predominance of pearl millet cultivation in Gaza, Inhambane and Tete provinces, which were not explored in the past in Mozambique was reported by Ramanatha Rao (1981) . Pearl millet is believed to house great genetic diversity in Eretria and Ethiopia. Therefore, it is suggested that greater representation should be from these countries to capture the allelic variation for important agronomic traits.
Crop wild relatives (CWR) are important components of agro-ecosystems as potential gene contributors for breeding programs. When the levels of resistance to various biotic and abiotic stresses in cultivated germplasm are low or the range of genetic variability is narrow and selection pressure results in virulent biotypes of the pests and diseases, the discovery and incorporation of additional genes for resistance from wild species becomes key to sustain crop productivity. Similar to other genebanks in different countries, ICRISAT had launched a few collection missions exclusively for wild relatives of pearl millet and conserves only a fraction of total genetic variability that exists in wild relatives (Jarvis et al., 2008; Upadhyaya et al., 2010) . Wild species are more important when they possess resistance to biotic and/or abiotic stresses in addition to traits of agronomic importance. For example, P. polystachion is a high tillering grass of short duration and fits well in the small period left in between two arable crops and also considered as an important source for higher levels of downy mildew (Sclerospora graminicola (Sacc.) J. Schröt) resistance. Singh and Navi (2000) screened 68 accessions of P. polystachion for resistance to downy mildew at ICRISAT, Patancheru, India and reported 66 accessions including those from ESA countries, as completely free from the disease. In the present study, out of 109 wild accessions from ESA countries, 39 are P. polystachion indicating ESA countries as good source region. Out of more than 140 species reported in genus Pennisetum, only 16 species were assembled from ESA countries. Being the secondary centre of diversity for pearl millet, East and Southern Africa could be a good source for many other Pennisetum species also (Clayton, 1972) . Therefore, there is need to launch collection missions in ESA countries exclusively for Pennisetum species to fill taxonomic gaps. Remanandan (1981) reported the abundance of Pennisetum palystachion in Ruvuma region of Tanzania. Appa reported that P. purpureum, the Napier grass is widely distributed throughout lower Shire Valley, Shire highlands, Phalombo plains, Manaochi and Salima regions in Malawi and most commonly found on the river banks, road sides, on black fertile soils and stands out among other grasses. Ramanatha Rao (1981) reported the occurrence of P. polystachion and P. purpureum in Mozambique. Appa Rao et al., (1991) reported the occurrence of P. purpureum, P. polystachion, P. orientale, P. foermeranum, P. setaceum and C. ciliaris in Namibia.
In view of changing cropping patterns, habitat loss, food habits etc., in different parts of ESA, it is suggested that the area for exploration in the districts/subdistricts identified in the present study, should be decided prior to the launch of the collection mission in consultation with local government officials, NARS scientists, extension officers and non-governmental organizations, who will have the knowledge about extent of pearl millet cultivation in the districts. It is also suggested that the exploration team leader should review all reports and publications of past collections and high diversity areas, to prepare collection plans for districts/subdistricts (gaps) identified in this study and collect complete information including georeference data while collecting germplasm. The gaps identified in the present study may be prioritized depending on the threat to the diversity. Remanandan (1981) reported that the main land in Tanzania has been adequately covered and fairly represented in the pearl millet collection and the island of Zanzibar needs to be considered for collection in future.
Climate change and variability are among the most important challenges that are being faced by many developing countries because of their strong economic reliance on natural resources and rainfed agriculture (FAO, 2007) . Wide variation for latitude (from -33 00 o S in Somalia) of collection sites indicates that the landraces from ESA countries are from diverse climates and can adapt to changing climate. Therefore, it is suggested to increase the variability for adaptive traits by filling gaps in the pearl millet collection from ESA countries.
A successful germplasm collection mission largely depends on advanced planning and careful organization. Well planned missions are less likely to fail even if it faces sudden and unforeseen difficulties. The success of a mission can be ensured if it can be planned and implemented jointly between the international institutes and national organizations. 
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